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I. INTRODUCTION
Students in traditionally taught courses learn less than peers taught with reform-based methods. These results rest upon hundreds of "pre/post" studies that give students an assessment before instruction and then give the same students a second, matched test well after instruction (often at the end of the quarter or semester). Pre/post testing of students is functionally the standard for assessing learning in physics. 1 Thornton and Sokoloff 2 used the method to establish the validity of the FMCE and demonstrate the efficacy of active engagement classrooms, a study reproduced on a much larger scale by Hake. 3 Pre/post testing fails, however, to reveal the full dynamism of student learning.
Research on forgetting and interference [4] [5] [6] [7] shows that the dynamics of learning are quite nuanced and difficult to measure. For example, learning curves, such as those predicted by the Rescorla-Wagner model, 6 for repeated training increase quickly at first and then level off, suggesting a simple error-reduction model of learning. "Forgetting curves," such as those studied by Ebbinghaus, 8 in a wide variety of tasks reveal that memory performance decays (approximately) exponentially after training ceases, with timescales varying from seconds to decades. A third phenomenon, interference, occurs when two pieces of related information (or tasks) are learned. Performance on one can significantly decrease when the second is learned either before (proactive) or after (retroactive), and the amount of interference increases with the degree of similarity between the two pieces of information. 4, 7 This (and other) research on learning, forgetting, and interference has strong implications for traditional pre/post testing, raising the question of whether seemingly significant learning gains may actually result from learning that is short-lived or context-dependent.
In this study, we use the Response Curve Methodology (RCM), 9 which has been shown to produce a much more detailed picture of student understanding before, during, and after instruction. In RCM, described in more detail below, different groups of students take the same test, but at different times. As long as each group is large enough to be representative of the population, the comparison between groups corresponds to the population's understanding at different points in time, which can be within several days of each other. The statistics require large student populations-as well as the time and effort to generate appropriate student groupings-but RCM has been used to study the dynamics of students' understanding in electrostatics, 9, 10 circuits and magnetic field direction, 11 Newton's third law, 12-14 force and motion, 11 and vector subtraction. 15 In this paper, we draw attention to a comparison between two institutions that use different teaching methods in introductory physics, one traditional and the other reform-based. Viewed through the "pre/post" test lens, the results look no different from the many previously published studies doing similar comparisons. The RCM, however, reveals a striking dynamism in the traditionally taught students' understanding that contradicts the popular claim that students do not learn in these environments.
II. METHODS

A. Populations
Our first institution is a large, four-year, public, research-intensive, doctoral-granting institution (the "University"). Each year approximately 700 students take introductory calculus-based physics in the off-sequence quarters, which are offered in a very traditional format: conventional chalk-and-talk lecture for three one-hour sessions each week, 1 h of recitation, and a 2 h cookbookstyle confirmatory laboratory. On average, each lecture section enrolls 170 students and two sections are taught each of two quarters.
Our second institution (the "Institute") is 16 a large, four-year, private university with high undergraduate enrollment, balanced arts and sciences/professions, and some graduate students in non-physics disciplines. Each year about 1000 students take introductory calculus-based physics, which is offered in a workshop format that integrates lecture, experiment, and short group activities. Adapted from the SCALE-UP project, 17 the classes meet for three two-hour sessions each week, with students seated at tables of six and working in small groups. Classrooms accommodate up to forty-two students, with enrollment in each section varying. Multiple sections of calculus-based electromagnetism (E&M) are offered every quarter, with most students taking the course in the fall of their sophomore year. In order to ensure that the same material is covered in all sections, a mid-term and final exam are common across all sections.
For both institutions at the time of this study, the academic year was divided into four 10-week quarters (including the summer term). A comparison of the two schools' E&M course syllabi revealed that the order of topics and depth of coverage was comparable. Though the University offered E&M as the second course in the sequence while the Institute offered it as the third course, this does not seem to have affected students' pre-test scores.
The demographics of the overall student population that enrolls in these two institutions are similar 18 (Table I) , as are the subset of students who enroll in the introductory calculus-based physics courses.
B. Response curve methodology
First used in physics by Sayre and Heckler, 9 the RCM gives short conceptual quizzes to different sub-groups of the population in successive weeks. This avoids test-retest effects that would occur if the same group took the quiz twice. Tests can be administered in a controlled setting (e.g., an education research lab [9] [10] [11] 15 ), as short quizzes, 12 or online.
14 At the University, data are collected in a research lab and binned by week to comprise each group; students are quasi-randomly assigned to groups and offered homework credit for completion. 9 At the Institute, data are collected as short quizzes given at the beginning of the first workshop each week. Different sections are therefore different groups, with Sec. I (for example) completing the relevant quiz in week 3 and Sec. II taking the quiz in week 8. The particular week in which a section took a specific quiz was randomly assigned, and all quizzes were administered at the beginning of class, once per week, in paper format. Students had five to ten min to complete each quiz, which were sometimes appended to an instructor-generated quiz that was not used for research. Previous analysis suggests that different sections are not statistically significantly different at any given time, 14 and thus these two variants on the RCM are comparable.
For this type of analysis to be valid, the group responses to a single question should be approximately normally distributed and have similar variances, which we have confirmed. Because sections are statistically independent, we can compare the performance of different sections across weeks, essentially capturing student understanding on a weekly time scale. A time plot of average performance, termed the response curve, is sensitive to the particulars of the week-the current topic of instruction and coincidence with exams or homework. The conventional pre/post test corresponds to the first and last points on such a curve, and can miss much of the dynamic evolution of understanding. Error bars on the response curve are determined using a binomial distribution, and data are collapsed across the fall and winter quarters (by week) to increase sample size. Students in, for example, Week 3 in the Winter see the same activities, labs, and lectures as those in Week 3 in the Fall.
C. Electric potential task
While between-student testing allows us to probe multiple concepts simultaneously, this study focuses on a single question involving electric potential, shown in Fig. 1 . This was but one question in a (slightly) longer quiz involving charged particles, electric forces, fields, and potentials. We chose this topic because there is ample time before instruction to gather baseline data, and ample time afterwards to measure longerterm effects after the evanescent results of instruction. As seen in Fig. 1 , students are asked to compare the electric potential that results from two different configurations of charged particles. Because the potential is a scalar quantity, it depends only on the distance from particle to location and is the same at both points A and B. A similar question on the same quiz asked about the relative strength of the electric field, a vector quantity that has a larger magnitude at point A. Prior study 9 showed that the correct response to this vector question was suppressed during instruction on the scalar concepts of potential and resistance but returned later in the quarter during instruction on the vector-based concept of magnetic field. The conclusion was that scalar concepts interfered with students' abilities to recall the vector concept, a cognitive dissonance that disappeared when new vector quantities were discussed. A similar, albeit inverse, relationship was reported for scalar potential in the traditional course. In this study, we look at the effects of different teaching methods on the shape of the curve. In particular, we are interested in whether the shape of the curve during and after instruction is similar or different.
III. RESULTS
Our results for both traditionally taught University and activity-based Institute students are shown in Fig. 2 . The data are normalized by the score of the students answering the question in the first week of the quarter, prior to any instruction. Recall that due to the response curve methodology, individual students do not see the question at any subsequent point in the quarter; each point in the graph is a separate group of students.
For both institutions, electric potential is taught during the end of the second and beginning of the third weeks of the quarter, and tested in the fourth week (at the Institute) or fifth week (at the University). (In each, the order of instruction moves from charges, to electric forces, then to electric fields, and finally to potential.) Thus, we see that the scores remain at or near the pre-test level for the first two weeks of the course. The activity-based class begins to cover the topic toward the end of the second week, and so the scores for week 3 (taken at the beginning of the week) show the effect of this instruction. The traditionally taught students do not learn the material until week 3, and so the first indication of learning is in their dramatic improvement in week 4. Figure 2 shows quite clearly that the traditionally taught students learn just as much as their activity-based peers, with both instruction methods leading to approximately the same normalized gains [the ratio of learned to initially unknown material, defined as (post % -pre %)/(100% -pre %)]. Not only are the relative learning gains virtually identical, but so are the short-term fluctuations, with each population showing a small decay in the week after the examination (larger in the traditionally taught students, but this is not statistically significant).
The truly surprising result occurs in the subsequent weeks after the exam. It is here that the true impact of the reformbased classroom is seen to be not in the amount learned, but rather in the amount remembered (or, alternately, the longlasting nature of what has been learned). The performance of the traditionally taught students on the task continues to plunge in weeks 6, 7, and 8, returning to its initial value only 3 weeks after the midterm. The graph shows a small bounce in week 9, as students begin to prepare for the final exam, but it does not approach the mid-term results. One could infer that the learning of the traditionally taught students is short-lived, transient, and (perhaps) superficial.
On the other hand, students in the activity-based classes retain their learned knowledge through the end of the quarter, subsequently showing signs of enhancing the understanding and increasing the learning gains. We emphasize that this result is even more surprising given the vector-based nature of the instruction during the last third of the quarter (true for both institutions). In the introductory sequence, there is no magnetic analog for electric potential, and so students spend several weeks concerned primarily with vector quantities (magnetic field, flux, etc.) On the graph, there is no sign of the interference that scalar quantities show on the recall of electric field. Compared to the learning of the traditionally taught students, this learning seems sustained and deep.
For these students, a traditional pre/post test at the quarter's end would show long-term learning gains of 60% for the activity-based class vs 20% for the traditionally taught students. These results are consistent with the many published studies that report minimal learning gains in traditionally taught classes. Such a study, however, would fail to detect the short-term learning that actually occurred in the traditionally taught students.
IV. CONCLUSIONS
What does it mean that students can demonstrate significant, if short-term, learning even in traditional lectures? At minimum, we should revise our understanding of assessment, accounting for temporal decay or other temporal phenomena. As a method for assessing teaching, pre/post testing does not measure long-term understanding, which must be taken into account by physics education researchers who use pre/post testing as a research tool. It is also important for physics departments that use pre/post testing to assess teaching or curricular revisions. If one can dramatically manipulate students' pre-and post-scores by seemingly small Fig. 2 . Student performance on electric potential conceptual question as a function of time, relative to the pre-test score in week 1. Traditionally taught students (dark line, N 1,000) learn as much as their actively engaged peers (light line, N 350) when the material is first taught (weeks 3 and 4) but rapidly forget much of the knowledge by the quarter's end. Error bars on the response curve are determined using a binomial distribution; some error bars are smaller than the points shown. changes in testing date, then the timing of the tests must be considered as we compare the performance of students in different classes.
More broadly, the assumption of students' long-term understanding suffuses physics programmatic design. In the four-year curriculum, many topics are revisited in several classes, with an assumption that material covered previously is remembered. The example in this paper involves electrostatics that recurs in junior-level electrodynamics courses. Our research suggests that students in traditionally taught classes may learn enough to pass their exams but do not remember the topics for subsequent courses. The focus of future reform should be on the retention, not just the acquisition, of knowledge, and account for the amount of material that a student can forget.
A revised focus on retention might increase the effectiveness of even the traditional class environment. Traditionally taught courses, with their large lecture sections and cookiecutter laboratories, scale well to ever-increasing student enrollments. Efforts to improve such courses could improve the learning at many institutions that cannot afford to use fully reform-based pedagogy the way that the Institute has. Lessons from reform-based classes and other research 19, 20 suggest that students must revisit prior knowledge, actively integrating new material with old into a coherent framework.
In conclusion, student learning is complicated, contextdependent, and dynamic, and it merits further study in diverse learning environments and should be taken into account in future curricular and programmatic development.
